Chemical heterogeneity, produced by the near-surface rock cycle and dominated volumetrically by subducted oceanic crust and its depleted residue, is continuously subducted into the mantle. This lithologic-scale chemical heterogeneity may survive in the mantle for as long as the age of Earth because chemical diffusion is inefficient. Estimates of rates of subduction and mantle processing over geologic history indicate that most or all of the mantle may be composed of lithologically heterogeneous material. Mineralogical models of the mantle show that chemical heterogeneity over many decades in length scale may be detectable by geophysical probes via its influence on seismic-wave propagation. Grain-scale heterogeneity influences the aggregate absolute seismic velocity and its lateral variation with temperature. The elastic-wave velocity contrast associated with lithologic-scale heterogeneity may be sufficient to produce observable scattering of short-period seismic waves. 
occur at different pressures than in the surrounding mantle because phase transformations have finite Clapeyron slopes (Anderson 1987) . Chemical composition contributes to lateral heterogeneity as well: Subducted basalt and depleted peridotite have distinct physical properties at the same pressure and temperature (Irifune & Ringwood 1993) .
The physical properties sensed by geophysical probes are ultimately determined by the atomicscale structure and bonding of the materials through which the probe passes. Such considerations remind us that chemical heterogeneity in the mantle extends from the subplanetary scale all the way down to that of the grain and the atomic lattice. Atomic-scale heterogeneity is important for understanding the origins of physical properties and also for the relationship of properties measured experimentally to those measured geophysically (Stixrude & Jeanloz 2007) . Grain-scale heterogeneity is much larger than lithologic heterogeneity in terms of the contrast in physical properties (Duffy & Anderson 1989) . Heterogeneity at this scale manifests itself geophysically in phase transformations. The length scale of lithologic heterogeneity is diminished by convective stirring and chemical diffusion, and it is increased by accumulation to subplanetary scales (Kellogg & Turcotte 1990 , Nakagawa et al. 2010 .
LENGTH SCALES OF HETEROGENEITY

Atomic Scale
Heterogeneity at the atomic scale underlies our ability to predict and to measure the material properties that govern elastic-wave propagation in Earth. For example, the charge densitythe number of electrons per unit volume-varies by two orders of magnitude from on top of the nucleus to the interstitial region between atoms in a typical oxide (Spackman et al. 1987) . The charge density is the central quantity in density functional theory, our most powerful means of predicting the properties of deep-Earth materials ab initio (Bukowinski 1994 , Kohn 1999 . The Kohn-Sham theorem states that there is a unique relationship between the charge density and the total energy (Kohn & Sham 1965) . Perturbing the shape of the lattice or the locations of the nuclei allows one to determine the equation of state, the elastic constants, phase transformations, and many other properties (Oganov et al. 2002 , Stixrude et al. 1998 . Charge-density heterogeneity produces a grating that scatters light with wavelength comparable to the interatomic spacing. This is the basis of X-ray diffraction, which is the most widely used experimental method for determining the density of Earth materials (Fei & Wang 2000) .
In the limit of ideal crystals and small deformations, the elasticity of solids is most usefully viewed in the context of the vibrational modes of the crystal lattice (Born & Huang 1954) . The theory of the dynamics of perfect crystals is our most powerful way of envisioning the way elastic properties are characterized over a broad range of length scales (Stixrude & Jeanloz 2007) . It gives us a formally exact means of relating the elastic-wave velocity of samples ranging in size from the unit cell to, in principle, infinite size, limited only by considerations of surface effects at small scales and of self-gravitation as we approach planetary size (see sidebar, Scaling from Unit Cell to Planet). The material can be treated as a continuum at large scales, and its properties can be derived from consideration of the forces acting between atoms, that is, from a description at the smallest of scales. The seismic-wave velocity of a perfect crystal is determined by its crystal structure and the interatomic forces, and an understanding of dispersion at the atomic scale where the crystal lattice acts as a low-pass filter.
All mantle phases are solid solutions and, thus, contain chemical heterogeneity on the atomic scale. The interaction between solution constituents in nonideal phases can lead to nanometer-scale chemical heterogeneity. Nonideality can lead to inhomogeneous (nonrandom)
SCALING FROM UNIT CELL TO PLANET
A good illustration of length scaling is provided by the normal modes of vibration of a linear chain of identical atoms of mass m separated by a distance a and connected with Hookean springs (bonds) with force constant K. Traveling wave solutions yield the dispersion relation ω = 2 √ K /m |sin(ka/2)|, where ω is the frequency and k = 2π/λ is the wavenumber that specifies the wavelength λ of the normal mode of vibration. The group velocity V G = ∂ω/∂k is dispersive (wavelength dependent) such that the crystal lattice is a low-pass filter: Longer waves travel faster than shorter waves. At long wavelength, as k → 0, dispersion vanishes, and group and phase velocities are the same V = a √ K /m = √ M /ρ, where the last equality emphasizes the relationship with the seismic-wave velocity expressed in terms of a longitudinal elastic modulus M = K/a and a density ρ = m/a 3 . The dispersion due to the crystal lattice is negligible in the usual geophysical context. For ideal crystals, the scaling from laboratory samples to geophysical length scales is essentially exact: Even for millimeter-sized grains the dispersion is only one part in 3000. The presence of defects in real crystals, which leads to anelasticity, modifies this unity of length scales in between those of experiments (MHz-THz) and seismology (Hz-mHz).
arrangement of solution atoms that can significantly influence phase stability and lead to exsolution (Ganguly 2001) . The tendency of large atoms to concentrate on grain boundaries may be considered an extreme example of atomic-scale heterogeneity, which may have important implications for understanding the trace-element signature of mantle heterogeneity (Hiraga et al. 2004) .
Observations of subgrain-scale chemical heterogeneity in natural systems are ubiquitous and potentially important for understanding larger-scale heterogeneity in the mantle. For example, crystals growing from a magma show compositional zonation reflecting the evolving magma composition (Davidson et al. 2007 ). Zonation should occur on partial melting as well. Subgrainscale heterogeneity may develop via chemical diffusion in response to chemical potential gradients, such as exist during reaction between two phases, or forming of one phase from another. For example, during partial melting, incompatible elements must diffuse out of residual crystals, leaving chemical zonation. Chemical diffusion can thus act to increase as well as decrease the length scale of heterogeneity: Diffusion from crystals into the newly formed melt phase increases the scale length of heterogeneity from the spacing between incompatible elements in the crystal to the length scale of the (potentially macroscopic) melt phase.
Grain Scale
The mantle is a multicomponent system for which equilibrium thermodynamics and the phase rule demand the coexistence of multiple phases of different composition and structure. For example, throughout much of the upper mantle, the phases olivine, orthopyroxene, clinopyroxene, and garnet coexist, each of which has distinctive physical properties. Changes in pressure, temperature, or bulk composition alter the compositions and relative proportions of coexisting phases or lead to the appearance of new phases, which can substantially alter the seismic structure of the assemblage.
The contrast in physical properties among coexisting phases is large and reaches 30% in shearwave velocity in the lower mantle (Figure 2 ). These differences exceed the typical variation of seismic-wave velocities over the mineral stability fields in the upper mantle and transition zone. The velocities of each phase vary with pressure and equilibrium composition in response to partitioning of components among phases. So, for example, the velocity of garnet varies nonmonotonically with depth because of changes in composition. Garnet is the seismically fastest mineral in the upper mantle but the slowest in the transition zone and lower mantle. The fastest mantle Velocities of mantle phases ( gray lines), a pyrolite assemblage (blue with red envelope indicating Voigt-Reuss bounds), and the difference between Voigt-Reuss bounds (solid purple line) and Hashin-Shtrikman bounds (dashed purple line) (Hashin & Shtrikman 1963) on the velocity of the assemblage ( purple, right-hand axis) along a self-consistently computed 1600-K isentrope. The velocity of phases is plotted over their pressure range of stability. Silica phases are not stable in pyrolite and are shown for comparison. Computed with HeFESTo (Stixrude & Lithgow-Bertelloni 2011). phase in these regions is stishovite, except near the base of the mantle where calcium-rich silicate perovskite becomes faster.
How do seismic waves propagate through such a heterogeneous assemblage and at what speed? Because the seismic wavelength is much greater than the size of grains, seismic waves see an averaged structure, and their velocity depends on the details of the arrangement of grains of different velocity. It is possible to place rigorous bounds on the aggregate velocity: The Voigt and Reuss bounds correspond to the assumption of uniform stress and strain throughout the aggregate, respectively (Watt et al. 1976) ,
where the sums are over coexisting phases α with volume fractions φ α ; M * is the effective elastic modulus (either the bulk modulus K or the shear modulus G); and M * R and M * V are the Reuss and Voigt bounds, respectively.
The Voigt and Reuss bounds are physically realized in plane layering in which layers of fast and slow material alternate (Backus 1962) . The Voigt and Reuss bounds are narrow throughout most of the mantle, reaching a maximum of 2.5% in the shallow lower mantle and not exceeding 1% elsewhere except near the surface. The Voigt and Reuss bounds place limits on the maximum amount of shape-preferred anisotropy in subsolidus mantle to values that are small compared with that expected from lattice-preferred orientation (Karki et al. 2001) . Shape-preferred orientation is not likely to be the dominant source of anisotropy in the subsolidus mantle.
Grain-scale heterogeneity manifests itself seismologically via spatial variations in the relative proportions of phases. This occurs, for example, in the presence of lateral variations in temperature (Anderson 1987). As temperature varies at constant depth, the relative proportions of phases and their compositions vary. Because phases have very different velocities, lateral variations in the velocity of the aggregate occur. The contributions to the temperature derivative of the velocity may, therefore, be separated into an isomorphic part and a metamorphic part, with the former accounting for the influence of temperature on the velocity of individual phases at constant composition and the latter accounting for changes in phase proportions:
where X is a property of the aggregate such as density or velocity, T is temperature, P is pressure, and n is the vector specifying the amounts of all end-member species of all phases (Stixrude & Lithgow-Bertelloni 2007) . The first term on the right-hand side is the isomorphic part: The derivative is taken at constant amounts and compositions of all coexisting phases. The second term is the metamorphic part and accounts for the variations in phase proportions (and compositions) with temperature. The metamorphic contribution to seismic heterogeneity is significant, particularly in the upper mantle and in the deep mantle (Figure 3) . The metamorphic contribution is 50% of the isomorphic contribution in the transition zone and also in the vicinity of the postperovskiteforming reaction near the core-mantle boundary. Tomographic models have limited depth resolution that is comparable in width to the thickness of the transition zone (Ritsema et al. 2007 ). Nevertheless, some recent tomographic models show variations in amplitude with depth that appear to capture the metamorphic contribution (Megnin & Romanowicz 2000 , Ritsema et al. 2004 .
If the temperature is sufficiently high, one of the coexisting phases is a melt. The presence of partial melt has a number of important consequences. Mean-field bounding schemes are no longer useful as the Reuss bound on the shear modulus vanishes. The velocity of a partial melt depends on the details of the arrangement of the melt, the melt fraction, and the direction of propagation and polarization of the wave. Considerations of equilibrium-melt microstructure indicate that 0.1% partial melt may lower the shear-wave velocity by as much as 1% (Hammond & Humphreys 2000 , Hier-Majumder & Courtier 2011 . Because of its buoyancy and mobility, the melt moves with respect to the other phases and coalesces. The process of melt extraction to form crust is very efficient, so that as little as 0.1% partial melt is difficult to retain in the mantle for geologic periods of time (Hirschmann 2010 , Stolper et al. 1981 . The process of melt migration may therefore be viewed as one that allows heterogeneity to accumulate, magnifying the length scale of heterogeneity from the grain scale to the lithologic scale. Temperature derivative of the shear-wave velocity computed for pyrolite: the total derivative ( green line), the isomorphic contribution (thick dashed gray line), and the total derivative smoothed with a 200-km box filter (bold dark yellow line) to mimic the radial resolution of tomographic models, compared with the amplitude of tomographic models SAW24B16 (Megnin & Romanowicz 2000) and S20RTS (Ritsema et al. 2004 ).
Lithologic Scale
The nature of lithologic heterogeneity within Earth's mantle is much less well understood than that at smaller scales. The fundamental reason for this is that, whereas grain-scale heterogeneity is largely a product of equilibrium thermodynamics, lithologic heterogeneity is maintained by disequilibrium. Its production and survival depend on mass transport, i.e., timescale and history. For example, the formation of oceanic crust depends not only on the thermodynamics of melting, but also on the fluid dynamics of melt extraction and nonequilibrium reaction with surroundings on ascent (Rudge et al. 2011) . The survival of subducted heterogeneity depends on the processes of stretching and folding in the convecting mantle, buoyancy of the heterogeneity, and chemical diffusion.
What is the rate of production of heterogeneity? The rate at which oceanic crust is subducted into the mantle is ρ c h c S, where ρ c and h c are the density and thickness of the oceanic crust, respectively, and S is the areal subduction rate. The rate at which oceanic crust is produced is well constrained over the Cenozoic and part of the Mesozoic (Figure 4) . Apparent polar wander paths of continents provide some constraints on minimum (latitudinal) plate tectonic rates for earlier times (Ulrich & van der Voo 1981) , although some of the plate motion may be due to true polar wander (Evans 2003 , Tsai & Stevenson 2007 Subducted flux as a function of time (solid curves and envelopes, left-hand axis) and the time-integrated subducted basalt fraction in the mantle (dashed curves, right-hand axis) from seafloor ages (red ) and assuming that the areal rate of seafloor production is equal to the areal rate of subduction (Becker et al. 2009 ), mean velocities (blue) from plate tectonic reconstructions computed by Zhang et al. (2010) , latitudinal plate velocities from apparent polar wander paths of four continents (light brown) (Ulrich & van der Voo 1981), and a theoretical plate tectonic speed limit ( gray) (Conrad & Hager 1999) . Except for the red line for which measurements of ridge lengths are used, these curves assume a constant length of subduction plate boundaries over time. The upper bound of the blue and light brown envelopes multiplies the velocity by a factor of ( f S + (1 − f S )/R S ) −1 , where R S is the ratio of subducted plate speed to average plate speed. The value of f S = 0.38 is assumed constant; for the blue envelope, the value of R S varies according to Conrad & Lithgow-Bertelloni (2004) over the Cenozoic and is equal to 2 for earlier times; for the light brown envelope, R S = 2 for all times. Time-integrated subducted basalt fraction is computed assuming a constant crustal thickness of 7 km. The blue and light brown dashed curves are computed assuming the mean value of the corresponding subducted flux envelopes and, for ages beyond those of the data, values equal to that of the oldest datum. The red dashed curve assumes a constant value of the subducted flux equal to that at the present day from the red curve.
be obtained by accounting for the observation that plates attached to subduction zones tend to move more rapidly than those that are not attached by a factor R S (Conrad & Lithgow-Bertelloni 2004) and assuming the length of subduction zones changed little with time. Integration over the past 4 Ga assuming constant crustal density and thickness yields a mass of subducted oceanic crust 10-15% of the mass of the mantle. In detail, the amount of crust residing in the mantle is slightly less than this because some previously subducted crust is recycled through the plate tectonic system (Allegre & Turcotte 1986) .
Estimates of subduction rates may also be obtained from models of Earth's thermal evolution, although these are highly uncertain and give a wide range of values. Conventional thermal evolution models find mantle temperature and plate speeds higher in the past (Davies 2009a) , in agreement with evidence from ancient lavas (Herzberg et al. 2010) . But hotter mantle means thicker oceanic crust, which may be more difficult to subduct, leading to slower plate speeds in the past by a factor of two (Korenaga 2008) . We note that if the mantle were 200 K hotter in the Archean, crustal thickness would increase to 16 km according to the scaling of Klein & Langmuir (1987) , leaving the product Sh approximately constant.
How much of the mantle has been processed through the mid-ocean ridge magmatic system? The rate is ρ m h m S, where ρ m is the density of the mantle and h m is the thickness of the zone of partial melting. A mantle adiabat with a potential temperature of 1600 K intersects the dry peridotite solidus at 60-km depth. In the Archean, h c and h m may both be greater by a factor of two, so that it seems reasonable that h m /h c ∼ 10, in which case the amount of mantle processed is 10 times that of the amount of basalt subducted or approximately 100% of the mantle processed through the mid-ocean ridge. This conclusion agrees with a variety of previous analyses (Davies 2009b , Korenaga 2008 , Silver et al. 1988 ).
If we assume that the entire mantle has been processed and that chemical diffusion is negligible, then we can obtain an alternative estimate of the mass of subducted basalt in the mantle, on the basis of the ratio of crust to depleted lithosphere: , and h d = h m −h c = 53 km, we obtain 12%, similar to the independent estimate above based on subduction rates. Another approach was taken by Xu et al. (2008) , who found the fraction of basalt in a mechanical mixture of basalt and harzburgite that yielded a bulk composition identical to pyrolite. The result, 18% basalt, is somewhat greater than the previous estimates. The reason is that Xu et al. (2008) mass-balanced their basalt with the most depleted harzburgite: In reality, the residue of partial melting shows a range of depletions and an average composition less depleted than that of harzburgite.
How long does subducted heterogeneity survive in the mantle? Ultimately, the lifetime of lithologic heterogeneity is limited by the rate of chemical diffusion. This rate can be characterized by the length scale l over which diffusion is operative in time interval τ : l = √ Dτ , where D is the diffusion coefficient. Chemical diffusion is extremely slow, such that l reaches only 1 m over the age of Earth, assuming a value of D appropriate for magnesium-rich silicate perovskite ( Figure 5) . Thus chemical diffusion operates on length scales much smaller than those of subducted heterogeneity. Indeed, the inefficiency of chemical diffusion is one of the foundations of geochemical studies of provenance (Hofmann & Hart 1978) . The rate of chemical diffusion varies little across most of the lower mantle, but may be enhanced in the lower thermal boundary layer due to higher temperature and the unique properties of postperovskite (Ammann et al. 2010) . The rate of chemical diffusion may be enhanced by the presence of partial melt or fluids, although, even in this case, the length scale is estimated to be no more than 500 √ (τ/1 Ga) m (Hofmann & Magaritz 1977) . Chemical diffusion may be slowed or stopped by chemical armoring: the formation of a reaction zone at the boundary between two lithologies or out-of-equilibrium phases that tends to prevent further mass transport (Bina 2010). Stirring in the mantle reduces the thickness of subducted oceanic crust exponentially ( Figure 5 ). The rate of thinning is approximately h = h 0 exp(−ετ ), where h 0 is the initial thickness andε is the strain rate (Spence et al. 1988) . For typical values of the strain rate, the thickness of the oceanic crust is reduced to the diffusion length scale in approximately 1-10 Ga. This estimate is compatible with previous analyses (Kellogg & Turcotte 1990) . It should be noted that the rate of thinning in mantle convection is an active area of research. The rate is profoundly affected by the character of the flow (chaotic versus laminar), by the relative amounts of pure and shear strain, with the former being much more effective at thinning, and by the presence of toroidal motion (Ferrachat & Ricard 1998 , Hoffman & Mckenzie 1985 , van Keken & Zhong 1999 . The . The width of the envelope corresponds to a range in oxygen fugacity of six orders of magnitude (Holzapfel et al. 2005) . (Blue) The maximum rate of accumulation of a cylindrical pile of basalt with radius = √ vh c t, where v = 1-10 cm year −1 is the sinking velocity, assuming that it separates from harzburgite efficiently at the core-mantle boundary and is not re-entrained in the overlying flow. The dashed gray line shows the radius of a Stokes blob that will traverse half the mantle depth in time t r = 9Lη/4g ρt, where η = 5 × 10 22 Pa s is the lower mantle viscosity (Lithgow-Bertelloni & Richards 1998), and g is gravitational acceleration for a nominal density contrast ρ = 100 kg m −3 . The blue circle represents the thickness of the accumulated pile of basalt in the geodynamic model of Nakagawa et al. (2010) . The gold band represents the range of thickness of pyroxenite bands measured in the Beni Bousera (BB) peridotite massif (Pearson & Nowell 2004) and the rhenium-osmium age of melt extraction from the Beni Bousera peridotite (Pearson & Nowell 2004). efficiency of mixing can vary substantially with position and time even in vigorous time-dependent convection (Farnetani & Samuel 2003) .
How rapidly does subducted heterogeneity accumulate at the base of the mantle? The length scale of subducted oceanic crust may be increased via buoyant accumulation (Figure 5) . Augmentation of the length scale of heterogeneity via buoyant accumulation is apparent in the formation of oceanic crust from melt distributed on the grain scale and the assemblage of the continental crust from dispersed centers of magmatism. Each of these processes depends on the association of heterogeneity with buoyancy. In the case of subducted oceanic crust, the material becomes denser than peridotite in the lower mantle. Dynamical models show substantial accumulation at the base of the mantle for a density contrast of 1% (Christensen & Hofmann 1994 , Davies 2009b , Nakagawa et al. 2010 . Accumulation opposes thinning and may permit subducted oceanic crust to survive for much longer than 1 Ga in the mantle. Earlier studies envisioned subducted crust separating on the way down as it encountered the lower mantle (Irifune & Ringwood 1993) . However, geodynamical models and measurements of rheology show that delamination cannot occur on such a rapid timescale in the transition zone ( Jin et al. 2001 , van Keken et al. 1996 . Instead, basalt separates from peridotite at the base of the mantle where the viscosity is likely to be substantially reduced because of the basalt thermal boundary layer (Christensen & Hofmann 1994) . The unusually soft rheology of the postperovskite phase (Ammann et al. 2010 ) may assist in the separation of basalt from eclogite in the lowermost mantle. Some of the segregated basalt is re-entrained into the transition zone where it accumulates, although to a lesser extent than at the base of the mantle. The dynamical stability of chemically dense piles at the base of the mantle and their possible connection with hotspots and superswells has been investigated computationally and experimentally (Davaille 1999 , McNamara & Zhong 2005 .
MINERAL PHYSICS Scaling Relations
The behavior of materials shows universal patterns and trends that can be used to make general statements about the origins of geophysically observed heterogeneity. Bullen (1963) and Birch (1952) recognized the relationship between measured radial profiles of seismic wave velocities and, respectively, the radial gradient in the density and the pressure derivative of the bulk modulus K . The Bullen inhomogeneity parameter η is unity if the mantle is homogeneous in bulk composition (lithology), phase, and potential temperature (or entropy) apart from possible small contributions from bulk attenuation (Heinz & Jeanloz 1983) . The value of η in the transition zone deviates substantially from unity, consistent to first order with expectations based on experimental mineral physics that this part of the mantle is characterized by a series of phase transformations. But it is not currently known whether the series of expected phase transitions is sufficient to explain radial inhomogeneity in the transition zone or whether radial gradients in bulk composition or entropy may also be required. One problem is that the radial gradient in density in the mantle is not known very precisely. Thus, inhomogeneity, either in bulk composition, entropy, phase, or all three, is permitted throughout within present uncertainties in η. For example, in the middle of the lower mantle, various seismic models fit to the same free oscillation data set find values of η that differ by ∼10% (Masters 1979) . The most common Earth model, PREM, simply assumes that η is unity in the bulk of the lower mantle (Dziewonski & Anderson 1981) .
Temperature is insufficient to explain all the lateral heterogeneity seen in seismic tomography. Some limits can be placed on the nature of thermally induced lateral heterogeneity from mineral physics. The ratio of the lateral variations in S-wave to P-wave velocity at depth z:
If lateral variations are solely due to temperature, then we may write the thermodynamic identity
where the subscript T indicates that variations are due only to temperature, A = (4/3)V 2 S /V 2 P , δ S = (∂ ln K S /∂ ln ρ) P , and = (∂ ln G/∂ ln ρ) P . Mineral physics measurements find that δ S , Γ > 1, in which case the thermal ratio takes on its largest possible value R T → A −1 ≈ 2.5 as δ S → 1 (Agnon & Bukowinski 1990, Isaak et al. 1992) . This is to be compared with the value www.annualreviews.org • Geophysics of Mantle Heterogeneitydetermined seismologically, which reaches values as large as 3.8 (Bolton & Masters 2001 , Ritsema & van Heijst 2002 , Robertson & Woodhouse 1996 .
There are two possible mechanisms for increasing the value of R beyond the maximum value of R T : lateral heterogeneity in phase or lithology (bulk composition). The perovskite to postperovskite transition is likely to contribute to the large value of R, but only over a limited depth interval. Compared with perovskite, postperovskite is faster in V S but slower in the bulk sound velocity V B (Wentzcovitch et al. 2006 , Wookey et al. 2005 . At the transition, dlnV S /dT is enhanced (Figure 2) and dlnV B /dT is reduced. But the transition occurs only over a narrow depth interval and seems unlikely to explain signatures of anomalous V S -V P correlation that extend to 1000 km above the core-mantle boundary. Lateral variation in lithology is the most likely explanation for most of the seismically observed signal. Trampert et al. (2004) suggested that correlated variations in temperature, FeO, and SiO 2 concentrations could produce anticorrelation of lateral variations in bulk-and shear-wave velocity.
Mineralogical Mantle Models
To delve deeper into the origins of seismic heterogeneity or the consequences of heterogeneity for dynamics requires a synthesis of the progress that mineral physics has made over the past few decades in mapping out the sequence of phase transformations, and the physical properties of individual phases and assemblages, expected in Earth's mantle. Phase equilibria are now densely mapped at mantle pressure-temperature conditions to pressures well into the lower mantle and, in a few cases and with greater uncertainty in pressure and temperature calibration, extending even to the base of the mantle (Akaogi et al. 1989 , Irifune & Ringwood 1993 , Shim 2008 . Measurements of physical properties, including seismic-wave velocities, have now been made for the first time at mantle pressure-temperature conditions (Higo et al. 2008) and at the pressure of the base of the mantle (Murakami et al. 2007) . Although important uncertainties remain, particularly at the experimental limit of combined high pressure and high temperature, which are technically most challenging, it is now possible to construct an interim synthesis of the existing data and to draw some conclusions about the nature of mantle heterogeneity and its impact on mantle dynamics.
HeFESTo is a synthetic model of mantle mineral physics that has been used to explore mantle dynamics and the origin of mantle structure (Stixrude & Lithgow-Bertelloni 2005 . The model is based on the concept of thermodynamic equilibrium under anisotropic stress, which demands that there be a unique assemblage of phases with a unique set of physical properties at any given point in Earth of known pressure, temperature, and bulk composition. Phase equilibria are determined by minimization of an appropriate free energy, and physical properties are related to derivatives of the free energy with respect to thermodynamic conditions (pressure, temperature, etc.) . To make contact with seismic observations, standard textbook thermodynamics must be generalized to conditions of anisotropic stress and strain that a material experiences during the passage of a seismic wave. To make contact with geodynamics and seismology, the thermodynamic formulation encompasses the extreme range of pressure and temperature relevant to the mantle, and it includes that set of major elements that play a dominant role in determining phase stability and dynamically relevant properties. The construction of HeFESTo builds on many previous models of mantle thermodynamics, including (a) those primarily focused on the computation of phase equilibria but lacking the ability to self-consistently compute seismic-wave velocities (Ganguly et al. 2009 , Ricard et al. 2005 , Stixrude & Bukowinski 1993 ; (b) those primarily focused on physical properties but without encompassing self-consistent computation of phase equilibria (Duffy & Anderson 1989 , Weidner 1985 ; and (c) hybrid models, which assemble information on physical properties and phase equilibria without computing each self-consistently (Cammarano et al. 2005 , Hacker et al. 2003 , Ita & Stixrude 1992 .
HeFESTo has proved to be a useful tool for investigating the seismically observable consequences of mantle heterogeneity. If pervasive lithologic heterogeneity exists in the mantle, it should be discernible via a combination of seismological observation and mineral physics modeling. The seismic-wave velocities of enriched and depleted material thus provide a link between the geochemical consequences of depletion and geophysical observations. This opens up the possibility to map out the three-dimensional geometry of mantle reservoirs.
GEOPHYSICAL SIGNATURES OF CHEMICAL HETEROGENEITY Subwavelength Signatures
Chemical heterogeneity may alter the seismic-wave velocity even when the length scale of the heterogeneity is substantially less than the seismic wave. Separating an initially homogeneous rock into two distinct lithologies while maintaining the same bulk chemical composition alters the seismic velocity of the aggregate (Xu et al. 2008 ). The reason is that the phase assemblage of a lithologically heterogeneous mantle differs from that of pyrolite (Figure 6) . Schematically, the change in phase assemblage in the upper mantle may be represented by the reaction MgSiO 3 (pyrolite) = Mg 2 SiO 4 (harzburgite) + SiO 2 (basalt).
(5)
The stabilization of free silica in subducted basalt and the increased proportion of olivine in harzburgite cause the velocity of heterogeneous mantle to exceed that of pyrolite in the transition zone (Figure 6 ). The heterogeneous mantle agrees with seismological models of the absolute velocity in the transition zone, whereas undepleted mantle is too slow (Xu et al. 2008) . The better agreement suggests that the transition zone has at least some component of lithologic heterogeneity. The absolute velocity in the transition zone represents an important test of mantle heterogeneity. However, absolute velocity profiles in the transition zone differ significantly among different one-dimensional seismic models. Rather than comparing with seismic models, one may compare mineralogical models directly with seismic data (Cammarano et al. 2005 (Cammarano et al. , 2009 Khan et al. 2008) . Ritsema et al. (2009) computed synthetic seismograms of SS precursors directly from HeFESTo mantle structures along a variety of isentropic temperature profiles. The results support the idea of pervasive heterogeneity in the transition zone: Models based on pyrolite required implausibly large potential temperatures to satisfy the difference in arrival time between S410S and S660S precursors. By contrast, models based on a transition zone composed of basalt and harzburgite matched the seismic observations with reasonable potential temperatures.
Phase Transitions and Seismic Reflectors
Lithologic heterogeneity also alters the seismic structure near the core-mantle boundary and the signal of the perovskite to postperovskite transition (Figure 6 ). We find that in a heterogeneous mantle the transition is crossed twice along a geotherm that includes a bottom thermal boundary layer. Evidence of double crossing is seen in seismology (Lay et al. 2006 , van der Hilst et al. 2007 , supporting the heterogeneous model over the pyrolite model for this region. The double crossing originates in the harzburgite component. In pyrolite and basalt, the transition is crossed only once: The greater proportion of FeO in these compositions slightly deepens the transition so that it occurs beyond the mantle pressure regime at the high temperature of the thermal boundary layer. It should be noted that the presence or absence of double crossing in the mantle is uncertain at present because the geotherm in the lower thermal boundary layer is poorly constrained and because of conflicting experimental results on the influence of composition on the perovskite to postperovskite transition. For example, Auzende et al. (2008) found that addition of FeO stabilizes postperovskite to lower pressure, in contrast to the study by Hirose et al. (2008) upon which our model is based. By contrast, Catalli et al. (2009) found that addition of FeO substantially broadens the transition to the point that it may not be able to reflect seismic waves. If solid solution does significantly broaden the transition, harzburgite and a heterogeneous mantle are favored as the origin of deep mantle reflectors because harzburgite is more nearly pure. A heterogeneous deep mantle is also supported by seismic observations of additional reflectors, some of which have been interpreted in terms of the stishovite to seifertite transition that occurs only in highly enriched compositions, such as basalt (Ohta et al. 2008 ).
Scattering
The seismic-wave velocities of enriched and depleted lithologies differ significantly throughout the mantle (Figure 7) . The reason is that enrichment alters phase proportions and stabilizes phases that do not exist in depleted compositions. For example, free silica is stable in enriched compositions but not in depleted or undepleted peridotite compositions. Over much of the mantle pressure-temperature regime, free silica is the fastest phase (Figure 2) , which explains why enriched compositions are faster throughout the lower mantle. At shallow depths (100-300 km), enriched compositions are faster because they contain a higher proportion of garnet (eclogite), which is relatively fast compared with other upper mantle phases. Enriched compositions are not faster everywhere. Garnet is stabilized in enriched compositions to greater depths in the lower mantle, thus deepening the perovskite-forming reaction compared with depleted compositions and slowing enriched compositions in the uppermost lower mantle. If lithologic heterogeneity is pervasive, the contrast in elastic properties between the two lithologies causes scattering of seismic waves (Figure 7) . The scattered power depends on the length scale of the lithologic heterogeneity, the velocity contrast between the lithologies, and the frequency of the wave. The contrast in properties between basalt and harzburgite as well as the expected length scales of chemical heterogeneity based on dynamical arguments agree well with studies of seismic scattering from the lower mantle. Hedlin et al. (1997) argued that scattered P-wave energy could be most simply explained by pervasive scatters with length scale 8 km and velocity contrast of 1%, very similar to the properties that we find for enriched lithologic heterogeneity. Similar results for the mantle have been obtained in subsequent studies with larger data sets (Shearer & Earle 2008) . Regional studies have found evidence for scattering at length scales of 10-100 km and velocity contrasts of 1-2% (Kaneshima & Helffrich 1998 , Kawakatsu & Niu 1994 , Vinnik et al. 2001 .
GEOCHEMICAL EVIDENCE OF CHEMICAL HETEROGENEITY
Evidence from geochemistry overlaps with that from geophysics in a number of areas in which a picture of the mantle resembling the model shown in Figure 1c is consistent with geochemical observations. Analyses of mantle-derived lavas show evidence of mantle chemical heterogeneity on length scales ranging from that of the melting process (∼100 km in lateral and vertical dimension) to 10,000 km (White 2010) . Studies of melt inclusions also show that chemical heterogeneity exists down to the subgrain scale. These results are consistent with a picture of the mantle in which heterogeneity exists on all scales from the chemical diffusion length (∼1 cm) to subplanetary scale as in Figure 1c .
There is considerable evidence that some aspects of geochemical diversity can be explained by the presence of subducted crust in the source of mantle-derived lavas. Incompatible element enrichment and strontium, lead, and neodymium isotopic characteristics of ocean island basalt resemble oceanic crust (Hofmann & White 1982) . Rhenium-osmium systematics have been interpreted in terms of recycled mafic material in the source of ocean island basalts (Day et al. 2009 , (Bottom) Difference in shear-wave velocity between basalt and harzburgite. The geotherm (thick gray line) and the solidus and liquidus ( gray envelope) are from Stixrude et al. (2009) . Computed with HeFESTo (Stixrude & Lithgow-Bertelloni 2011) . (Top) Seismic scattering expressed as the energy lost to scattering per cycle (Q −1 ) for exponential (red ), Gaussian (blue), and von Karman ( green) models of randomly distributed heterogeneity with characteristic scale length a according to the theory of Wu (1982) plotted as a function of the dimensionless product of a with the wavenumber of the seismic probe k (bottom axis) and in terms of absolute sizes for a 1-Hz P-wave in the lower mantle (top axis). Gray horizontal dashed line indicates energy lost to reflection from a plane interface assuming the same velocity contrast (2%) as that of the scattering curves and Birch's law for the density contrast. Solid gray curve (right-hand axis) indicates the distribution of scatterer sizes found by Shearer & Earle (2008) to match observations of seismic scattering from the lower mantle. Gold bar indicates the range of length scales of scatterers found by Kaneshima & Helffrich (2010) . Shirey & Walker 1998) . The distinctive geochemical signatures of ocean island basalts thus appear to be consistent with the accumulation of some fraction of the subducted basalt at the base of the mantle, the presumptive source of ocean island lavas. Distributed basaltic heterogeneity throughout the mantle is consistent with oxygen isotopic compositions of MORB that are characteristic of interaction with the hydrosphere, indicating the presence of ancient subducted oceanic crust in the MORB source as well (Eiler et al. 2000) . Ocean island and mid-ocean ridge basalts are too enriched in various trace and minor elements to have been formed by partial melting of a homogeneous fertile peridotite , Hirschmann & Stolper 1996 , Prytulak & Elliott 2007 , Sobolev et al. 2007 ). These studies have invoked the presence of 1-10% recycled oceanic crust in the basalt source region to explain the observations.
Xenoliths and ultramafic massifs also point toward a heterogeneous mantle. The compositions of mantle xenoliths and alpine massifs span a wide range that encompasses MORB and depleted peridotite (harzburgite) as well as undepleted peridotitic mantle similar to the classic picture of the MORB source (Hirschmann & Stolper 1996) . In some massifs, depleted and enriched material coexist: The Beni Bousera massif in Morocco contains numerous pyroxenite veins within a peridotitic mass (Allegre & Turcotte 1986). These veins have compositions that are similar to MORB and range in thickness from 1 to 300 cm and make up 9% of the rock by volume, consistent with estimates of the amount of enriched material in the mantle derived from lava compositions (Pearson & Nowell 2004) . The origin of the pyroxenite veins is currently uncertain, i.e., whether they represent ancient crust that was subducted in the distant past, stirred in the mantle, and returned to the surface largely intact or whether they represent late features of emplacement in the shallow Earth (Bodinier et al. 2008 ). If we accept the rhenium-osmium model age (Pearson & Nowell 2004) as that of pyroxenite vein formation, we find remarkable consistency between the structure of this massif and expectations based on stirring and chemical diffusion (Figure 5) .
Can a mantle composed of enriched material and infertile peridotite such as the one depicted in Figure 1c produce mid-ocean ridge basalt? This is an open question as it has not been considered in detail to our knowledge. Partial melting of a heterogeneous mixture of enriched material and fertile peridotite has been examined (Hirschmann & Stolper 1996 , Ito & Mahoney 2005 . These studies assume that melting is fractional: Infinitesimal amounts of melt are extracted efficiently and do not react with their surroundings. However, if the peridotite is infertile, the melting process is different: Only the more fusible enriched material produces partial melt on its own. Then, this material must react with the infertile peridotite to produce a MORB-like pooled crustal composition. The chemistry of the product depends on the composition of the partial melt of the enriched material (i.e., the degree and depth of melting) and the extent (rate) of reaction of the partial melt with the infertile peridotite. As an illustration of some of the issues to be considered, Davies (2009b) envisioned some of the partial melts of the basalt fraction refreezing on ascent and being re-entrained in the convecting system. In this context, the infertile peridotite (harzburgite) that we have depicted is an oversimplification. The material residual to MORB is not homogeneous, but it represents a range of depletion with infertile peridotite as one endmember. This range in peridotite compositions and the possibility of reaction between enriched melt with infertile peridotite may help to account for the range of peridotite and pyroxenite xenolith compositions that are observed (Hirschmann & Stolper 1996) .
It has long been recognized that CI chondritic meteorites, the presumptive building blocks of Earth, have a higher silicon to magnesium ratio than does the upper mantle (Macdonald & Knopoff 1958) . To account for this difference, various authors have advocated the presence of the missing silicon in the core (Ringwood 1961) or the lower mantle (Hart & Zindler 1986) . Basalt accumulation in the deep mantle enriches the lower mantle and increases the silicon to magnesium ratio of the bulk Earth as compared with that of the upper mantle. The amount of basalt enrichment in the lower mantle is uncertain because of additional uncertainties in the total amount of basalt subducted (Figure 4) , the processing rate of the mantle, and the density contrast between basalt and harzburgite to which dynamical models showing deep basalt accumulation are sensitive (Nakagawa et al. 2010) .
FUTURE OUTLOOK
An understanding of material properties and their variations with chemistry, phase, and temperature provides a means for exploring the geophysically observable consequences of chemical heterogeneity. Mineral physics can help to explain features of existing seismological models that indicate nonthermal heterogeneity and can suggest avenues for new seismic observations focused on better constraining chemical heterogeneity. Mineral physics can also help to overcome the difficulties of geophysical detection of chemical heterogeneity: Mineralogical models show that subwavelength lithologic heterogeneity should be detectable, via its influence on aggregate seismic properties, and that thermal, phase, and chemical origins of heterogeneity each have distinctive signatures that allow them to be disentangled.
Mineral physics allows us to relate the geophysical picture of chemical heterogeneity to that derived from other sources of observation including those deriving from volcanism. By tying seismic observations to chemical composition, mineral physics can help to construct a picture of the geometry of chemical heterogeneity that is otherwise difficult to constrain. At first sight, it may appear difficult to reconcile geochemical and geophysical observations because their sensitivities to chemical heterogeneity are so different: Geochemical reservoirs are identified most powerfully in terms of isotopic variations to which seismic-wave propagation is completely insensitive, and seismology is most sensitive to major element chemistry, which is more difficult to analyze in terms of provenance. Yet, making connections between geophysical and geochemical observations is important because it is impossible to determine the size, shape, or location of geochemical reservoirs on the basis of mantle-derived lavas alone. As a result, the literature has provided a number of alternative models, which are difficult to distinguish on the basis of geochemical evidence alone (Tackley 2000) . Attempts to correlate trace element and major element variations among ocean island basalts suggest that it may be possible to identify the major element composition of other geochemical reservoirs as well ( Jackson & Dasgupta 2008) , providing a link between isotope composition and geophysical observables.
The future will also see continued rapid progress on the determination of phase equilibria and physical properties of mantle materials that allow us to detect chemical heterogeneity in geophysical observations. The first measurement of seismic-wave velocities at mantle pressuretemperature conditions was made only recently (Higo et al. 2008) , and technical advances promise much tighter constraints on the influence of phase, temperature, and composition on seismic-wave velocities in the deep Earth (Murakami et al. 2009 ). The study of lower-mantle phase equilibria is still in its infancy, and important steps are already being made to address issues of pressure and temperature calibration and chemical equilibrium (Shim 2008) . Ab initio prediction of highpressure material behavior continues to mature as a complement to experiments. Limitations in terms of accuracy and the structural complexity, length, and timescales of simulations are being overcome with novel methodologies and increased computer power (Ammann et al. 2010 , Driver et al. 2010 , Stackhouse et al. 2010 , Wu & Wentzcovitch 2011 . These experimental and theoretical advances, combined with continued expansion of the seismic data set via initiatives such as USArray, promise major progress on our understanding of mantle chemical heterogeneity in the near future.
